T he hypertensive action of angiotensin II (Ang II) is a consequence of its effects on the kidney, the nervous system, and the vasculature resulting in direct vasoconstriction, increase in sympathetic outflow and sodium and water retention. In addition to these effects, Ang II enhances the generation of superoxide anions (O 2 Ϫ ) within the vasculature by inducing and activating NADPH oxidases. 1 
O 2
Ϫ rapidly reacts with nitric oxide (NO) and thereby limits the bioavailability of this endogenous vasodilator. The reaction product of O 2 Ϫ and NO, peroxynitrite, is a highly aggressive compound that oxidizes proteins, lipids, and enzyme cofactors. 1 Therefore, one important consequence of increased plasma levels of Ang II is endothelial dysfunction, usually identified as an attenuated endothelium-dependent, NOmediated vasodilatation. Under normal conditions, the endothelium continuously releases NO in response to fluid shear stress and endothelium-derived NO continuously and significantly lowers vascular resistance. The loss of this "basal" NO production in endothelial NO synthase knockout mice (eNOS Ϫ/Ϫ ) mice is thought to underlie the hypertensive phenotype in these animals. The logical consequence of this is that the scavenging of NO by O 2
Ϫ during Ang II treatment may increase peripheral resistance and thus contribute to hypertension. 1 The study by Zimmermann et al 2 in this issue of Circulation Research challenges the physiological importance of this paradigm and reminds us of the extraordinary role of the nervous system in the control of blood pressure. 2 In this article, which is part of a series of articles from the same group, 3-6 the authors provide another piece of information to substantiate their proposal that Ang II-induced hypertension is predominantly the consequence of cerebral redox-mediated regulatory processes. They demonstrate that Ang II-dependent O 2
Ϫ production is not restricted to the cardiovascular system but also occurs in neurons where it has an important impact on function. More specifically, the authors observed that a continuous systemic infusion of a low dose of Ang II in mice increases the formation of O 2 Ϫ in the subfornical organ. In vivo gene therapy with Cu-Zn-superoxide dismutase (CuZnSOD) in this region of the brain basically abrogated the hypertensive effects of Ang II. The Ang II-induced cardiac hypertrophy, in contrast, was not affected by cerebral CuZn-SOD overexpression, indicating that the cardiac effects are a direct consequence of the growth-promoting actions of Ang II and that the action of CuZnSOD is specific and restricted to the brain.
The subfornical organ expresses high concentrations of AT 1 receptors and belongs to the circumventricular organs of the brain that are not protected by the blood-brain barrier. It is thought that the subfornical organ is a neuronal sensor for Ang II, acting as an the interface to the neurons of the paraventricular nucleus, the ventrolateral medulla, the nucleus tractus solitarius, and the nucleus ambiguous, which are involved in the control of the sympathetic outflow. 7, 8 The observations by Zimmermann et al 2 demonstrate that a systemic increase in blood pressure in response to Ang II is primarily a consequence of an alteration in cerebral regulatory processes, involving oxygen-derived free radicals. Moreover, they imply that endothelial dysfunction and impaired NO bioavailability play only a minor role in the regulation of blood pressure.
However, before such conclusions can be drawn, it is essential to consider some of the experimental conditions used in this study. First of all, the authors restricted their analysis of the effects of Ang II and SOD therapy to the measurement of blood pressure and organ weight; this however makes it impossible to assess the true nature of the hypertension and the antihypertensive effects observed. Secondly, a relatively low dose of Ang II was used, which does not result in an immediate hypertensive response but which elicits a slowly developing increase in blood pressure over several days. Such a response can clearly involve indirect mechanisms and may be a consequence of a complex interplay of different regulatory processes. It is likely that this slow onset hypertension to some extent represents the human situation, where hypertension is rarely a consequence of excessively elevated Ang II level, but it can also be assumed that higher doses of Ang II would result in different effects.
It remains to be determined whether the observations made by Zimmerman et al 2 are restricted to Ang II or whether other hypertensive stimuli also enhance cerebral radical formation as a signaling pathway. In a previous study from the same group, the hypertensive effect of acute intraventricular application of carbachol was found not to be associated with increased radical formation. 4 On the other hand, it was See related article, pages 210 -216 recently reported that the stimulation of ␣-adrenergic receptors on vascular smooth muscle cells increases the vascular O 2
Ϫ formation by activating the NADPH oxidase. 9 This latter observation contrasts with previous vascular studies in which adrenergic stimulation did not increase vascular radical generation, 10 and this discrepancy was attributed to the different experimental conditions used.
In order to attenuate superoxide levels, the authors overexpressed CuZnSOD in the subfornical region of the brain and convincingly demonstrated using the dihydroethium technique that this maneuver suppressed O 2
Ϫ . The clear advantage of CuZnSOD over an unspecific antioxidative therapy with radical scavengers is the extremely high efficacy of this enzyme compared with the radical scavengers that have to be given at high concentrations. Moreover, the possibility of targeting the antioxidative action to certain tissues, as in the study by Zimmerman et al, and its specificity for O 2 Ϫ makes CuZnSOD gene therapy an unique tool studying O 2 Ϫ -mediated effects. SOD, however, will not only reduce the concentration of O 2
Ϫ but also that of peroxynitrite, and would be expected to result in the accumulation of NO and H 2 O 2 .
It is possible that such side effects might be of mechanistic relevance for the effects observed in this study. NO can activate the soluble guanylyl cyclase and leads to the accumulation of cGMP. NO and cGMP are both capable of opening potassium channels, at least in the vasculature, and thus to elicit hyperpolarization (Figure) . The role of H 2 O 2 in this system is even less clear. H 2 O 2 is thought to be the effector of O 2
Ϫ with respect to signaling and gene expression. However, whether overexpression of SOD really increases cellular H 2 O 2 level is controversial. 11 Although it is unknown whether NO is an important modulator in the subfornical organ, NOS expression in this region has been detected and certainly further studies using isolated neurons from this region of the brain should be conducted to address the functional effects of the interventions performed in this study and of the different radicals generated after Ang II stimulation. Little is known about the mechanisms underlying alterations of neuronal function in response to low, noncytotoxic, nonapoptotic oxidative stress, and differential effects of the various radical species have not been carefully addressed.
What are the enzymatic sources of O 2 Ϫ generation in the present model? It is tempting to speculate that as in other organs, isoforms of the leukocyte NADPH oxidase are expressed and generate radicals in response to Ang II. Subunits of the NADPH oxidase have been detected in mouse neurons 12 but the experiments performed in mice lacking NADPH oxidase subunits have been somewhat inconclusive regarding the role of this enzyme in the development of hypertension. The gp91phox subunit seems to play only a minor role, if any, in Ang II-induced hypertension. 13 P47phox Ϫ/Ϫ mice exhibited a more pronounced attenuation of the vasopressor effect of Ang II, 14 but still the effects were less marked than those observed in the study by Zimmerman et al. 2 Whether these differences can be attributed to the experimental model (Ang II concentration, method of blood pressure measurements), to a different subunit composition of the neuronal NADPH oxidase, or even to the activation of other enzymatic sources of O 2 Ϫ in the brain will require additional studies.
One important observation made by Zimmerman et al was that CuZnSOD, but not extracellular SOD (ecSOD) was able to prevent the development of hypertension. Indeed, at least in the murine vasculature it has been observed that the expression of ecSOD is so high that a further increase in enzyme levels-even in situations of oxidative stress-has no effect on blood pressure and vascular function. 15 Although a complete lack of ecSOD leads to exacerbation of hypertension, 15 it remains to be determined whether under certain circumstances a shortage of ecSOD activity in the brain or the Ϫ and in particular, ONOO Ϫ , may activate calcium channels and protein kinase C to elicit depolarization and increase neuronal activity and gene expression. Neurons of the subfornical organ project to the neurons of the paraventricular nucleus (PVN), which are connected to the nuclei in the pons and medulla region involved in blood pressure and sympathetic outflow control.
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Angiotensin II, Superoxide, and the Brain blood vessels occurs and whether ecSOD is a suitable therapeutic agent for oxidative stress in man. It is essential to stress that the observations made in mice cannot be directly extrapolated to humans. Indeed, the cerebral effects of Ang II differ substantially even between different rodents. Nevertheless, the exciting report by Zimmermann et al, leads the way for many future studies and will probably enforce a reassessment of the role of vascular NO and O 2 Ϫ in the control of blood pressure.
